To validate intramural strain measured by a speckle tracking imaging (STI) system against that measured by sonomicrometry crystals.
Introduction
Left ventricular (LV) wall thickening and circumferential shortening is heterogeneous across the myocardium. Myocardial fibre contraction, laminar sheet extension, and shear 1 -3 have been reported to generate most wall thickening in the subendocardium rather than the subepicardium in normal heart, and this transmural gradient may reflect a differential response of the ventricular wall to disease. 4 Despite these important findings, clinical application of the analysis of the distribution of systolic wall thickening within the LV wall remains poorly utilized. 5, 6 Colour-coded tissue Doppler imaging has been reported to be a reliable method with which to assess transmural myocardial velocity and strain rate. 7 -9 However, Doppler imaging is dependent on ultrasonic angle. The two-dimensional (2D) speckle tracking imaging 4 (2D-STI) system is based on gray-scale B-mode images of endocardial and epicardial borders independent of angle. Radial, circumferential, and longitudinal strains derived from 2D tracking have been shown to be accurate in comparison to sonomicrometry and magnetic resonance imaging tagging methods. 10 -15 However, intramural speckle tracking has not been validated against these previous technologies. A newly developed pattern-matching speckle tracking method enables intramural speckle tracking, thus providing separate measurement of endocardial, mid-wall, and epicardial strain independent of ultrasound angle. It is important to assess subendocardial, mid-wall, and subepicardial function selectively because subendocardial and, to a lesser extent, subepicardial function can give us distinct information to better understand both preclinical heart disease and fibre shortening and sheet dynamics during various remodelling processes. The objective of this study was to validate the accuracy of a 2D-STI system in tracking the echo signal from the endo-, mid-wall, and epimyocardium against that of sonomicrometry.
Methods

Animal preparation
Eleven Suffolk male hybrid sheep (Japan Lamb Co., Hiroshima, Japan) weighing 30 -58 kg were used for this study. Animals were treated under an experimental protocol approved by the University of Tsukuba's Institutional Animal Care and Use Committee and in compliance with the Guide for Care and Use of Laboratory Animals. 16 Anaesthesia was induced with thiopental sodium (10 -15 mg/kg intravenously), and the animals were intubated. Anaesthesia was maintained with isoflurane (1.5-2%) and oxygen. All animals underwent left thoracotomy under aseptic conditions. Polypropylene snares were loosely placed around the appropriate coronary arteries. A fluid-filled catheter was inserted via a femoral artery for continuous monitoring of systemic arterial pressure and heart rate. Animals were disconnected from the ventilator during data collection. Haemodynamic and echocardiographic data were collected again after coronary ligation.
Sonomicrometry
Location of sonomicrometric crystals is shown in Figure 1 . Six sets of three crystals each were implanted in the LV anterior and lateral walls at the base, mid, and apex levels. Each set was composed of a subendocardial (2 mm diameter), epicardial (2 mm diameter), and midtransmural wall (1 mm diameter) crystal (Sonometrics Corp., London, Ontario, Canada). Wall thickness was determined by 2D echocardiography, and mid-wall crystals were inserted into the middle of the transmural wall. Subendocardial crystals were inserted into the subendocardium, and epicardial crystals were sutured on the epicardial surface. The inner-half wall thickness was obtained instantaneously as the distance between the endocardial and mid-wall crystals, outer-half wall thickness as the distance between the mid-wall and epicardial crystals, and total wall thickness as the distance between the endo-and epicardial crystals. Sonomicrometric data acquisition was performed immediately after or before the corresponding echocardiographic images were recorded. Sonomicrometry recordings were made with the CardioSOFT Pro (Sonometrics Corp.). Strain was calculated as strain
is the segment length at time t, and L 0 is segment length at the onset of the QRS. Maximum subendocardial radial strain (RS inner ) was derived from the strain curve recorded between the endocardial and mid-wall crystals, subepicardial radial strain (RS outer ) was measured from the strain curve recorded between the mid-wall and epicardial crystals, and total wall radial strain (RS total ) was measured from the strain curve recorded between the subendocardial and epicardial crystals in both the anterior and lateral walls. Subendocardial (CS inner ), mid-wall (CS midwall ), and subepicardial circumferential strain (CS outer ) was derived from measurements made between anterior and lateral crystal sets implanted in the subendocardium, mid-wall, and subepicardium at the base, papillary muscle, and apical short-axis planes. All strain data were calculated by averaging data recorded over 10 consecutive heart beats.
Echocardiography and speckle tracking
Echocardiographic examinations were performed with an ARTIDA TM ultrasound system (Toshiba Medical Systems Co., Tochigi, Japan) equipped with a 5 MHz probe that was fixed in an ultrasound gel-filled latex bag placed on the epicardium with an ultrasonic spacer (Sonogel, Toshiba Medical Systems). B-mode harmonic images of the LV shortaxis at three levels (tips of the papillary muscles, bases of the papillary muscles, and apex) were recorded at a mean frame rate of 44 Hz. The sonomicrometric crystals were directly visualized by echocardiography, and the echocardiographic planes were matched to the site where crystals were inserted. The echocardiographic recordings were analysed with 2D speckle tracking software (2D Wall Motion Tracking, Toshiba Medical Systems). The endocardial border on the short-axis images at end-systole was traced manually, followed by manual tracing of the epicardial border, and then a mid-wall tracking line was automatically created at the centre between the two borders. 2D-STI software uses the sum of squared differences method to find the most similar speckle pattern of the 2D template in two subsequent frames. 17 Strain was calculated as (
where L (t) is the segment length at time t, and L 0 is the segment length at the onset of the QRS, in the same manner as with sonomicrometry. CS was defined as the percentage change in regional length in the circumferential direction, and RS was defined as the percentage change in wall thickness in the direction perpendicular to the endocardium and away from the lumen. Peak inner, outer, and total wall radial strain (RS inner , RS outer , and RS total , respectively) of the anterior and lateral wall and inner, mid-wall, and outer wall circumferential strain (CS inner , CS midwall , and CS outer , respectively) of the anterior wall were obtained. All strain data were measured by averaging data over three heart beats.
Study protocol
Data were recorded for analysis during baseline periods, during infusion of dobutamine 2 -3 mg kg 21 min
21
, after a 6 -10 mg bolus injection of propranolol, and during coronary artery ligation. Dobutamine was infused for at least 5 min, and after stable haemodynamics were achieved, strain measurements were performed. Ligation of the left anterior descending (LAD) artery and its second diagonal branch was performed at 40% of the distance from the apex to the base of the heart 18 ( Figure 1 ). After 10 min of LAD occlusion, recordings were repeated.
Reproducibility
Ten studies were selected at random for the assessment of intra-and inter-observer reproducibility of inner, mid-wall, and outer circumferential and inner, outer, and total RS measurements. To test intra-observer variability, a single observer analysed the data twice.
To test inter-observer variability, a second observer analysed the data without the knowledge of the first observer's measurements. Reproducibility was assessed as the mean percent error (absolute difference divided by the mean of the two observations).
Statistical analysis
Measurements are reported as means + SD. For each dependent variable, differences between groups were compared by analysis of variance. Post hoc comparisons between each group were performed with a Fisher's test. Agreement between sonomicrometry and echostrain measurements was assessed by intraclass correlation coefficients (ICC), linear regression analysis, and the Bland and Altman method. 19 Significance was established at P , 0.05. All calculations were performed with the SPSS II for Windows statistical program (SPSS Inc., Chicago, IL, USA).
Results
Baseline measurements were obtained from 11 adult sheep. After induction of acute ischaemia by LAD ligation, one animal died prematurely because of ventricular fibrillation; therefore, baseline and pharmacological infusion data obtained from 10 sheep were used for the analysis.
Position of crystals
Mean LV weight was 88 + 15 g. At necropsy, transmural wall thickness where the crystals were implanted averaged 10.64 + 2.03 mm. The distance from the endocardial to mid-wall crystals averaged 6.41 + 2.39 mm. Thus, the mid-wall crystals were positioned at 60 + 19% of the transmural wall thickness from the endocardium. During the control conditions, the absolute values measured by sonomicrometry averaged 13.29 + 3.46 mm for end-diastolic full wall thickness and 7.73 + 3.36 mm for mid-wall thickness, indicating that mid-wall crystals were positioned at 58 + 21% of the full wall thickness from the endocardium, in close agreement with the post-mortem findings.
Haemodynamic data
Haemodynamic parameters obtained during the experimental conditions are shown in Table 1 . Dobutamine infusion resulted in significantly increased blood pressure and heart rate compared with baseline data. Heart rate reduced significantly after the propranolol injection compared with the baseline. During coronary arterial ligation, both blood pressure and heart rate decreased significantly. Table 2) .
Transmural strain gradient
Representative recordings of myocardial strain derived from 2D-STI and corresponding distance curves derived from sonomicrometry at baseline and during ischaemia are shown in Figure 4 . Strain values during each procedure are shown in Table 3 . Transmural strain gradients, in which inner strain was greater than mid-wall or outer strain at baseline, are shown in Figure 5 . Transmural strain gradients disappeared during ischaemia.
Reproducibility
Intra-and inter-observer variability were as follows: RS inner , 5. 
Discussion
The present study shows for the first time that subendocardial, mid-wall, and subepicardial myocardial strain can be accurately measured separately by 2D echocardiography. The validity of the tracking intramural echo speckle was quantitatively assessed by the use of sonomicrometry. Over the wide range of strains induced by dobutamine and propranolol infusion and coronary occlusion, the 2D-STI method derived CSs that approximated those measured by implanted ultrasonic crystals.
Rationale of mid-wall speckle tracking
In the present study, the mid-wall speckle tracking-derived parameters CS midwall , RS inner , and RS outer showed a comparable degree of agreement with that of sonomicrometry, similar to that of previously reported 2D-STI methods. 11 -15 Tracking of mid-wall echo speckle is theoretically challenging because of the hazy speckle pattern produced in comparison to the strong echo from the myocardial contour. Speckle is an inherent characteristic of ultrasound imaging and arises because sub-resolution scatter causes interference patterns in the image. Therefore, the observed speckle pattern does not correspond to the underlying structure of the tissue. As the tissue is deformed, the relative phases of each scatter echo vary, and a new speckle pattern is formed. However, the speckle pattern will gradually change as the structure is deformed. 20 As long as these changes are small, the local motion of material points between two frames can be estimated by tracking of the speckle patterns in the images. 21 Strain gradient observed in the present study
Previous experimental and clinical investigations have clearly shown that ventricular wall thickening is not uniform, with the ratio of inner-to outer-half thickening being 2.0 to 1.3 2, 22, 23 in normal heart. The present 2D speckle tracking data were consistent with these previous studies. Inner/outer RS ratios were 1.3 and 1.4 by 2D-STI and sonomicrometry, respectively, as shown in Figure 5 .
Causes of bias
The Bland-Altman analysis in the present study suggests that 2D echocardiography underestimates for CS and overestimates for RS in comparison to the strain results derived from sonomicrometry. The relatively small absolute strain value for CS is consistent with that reported previously 11 and may be due to the threedimensional translation of the LV. During systole, basal and mid-LV segments move toward the apex, and thus the 2D echo plane shifts toward the base, which has a greater diameter than that of the apical plane. Otherwise, crystals move along with the motion of the myocardium and reflect the principal myocardial strain. Therefore, this out-of-plane motion of the LV makes echoderived The assumed source of bias of RS may be the larger initial distance between ultrasonic crystals in comparison to the wall thickness calculated by 2D echo. In 2D echo, wall thickness is calculated as the distance perpendicular to the tangential line of the endocardial surface. However, the ultrasonic crystals could have been implanted somewhat obliquely to the tangential line and/or epicardial fat tissue could underlie the epicardial crystals. These factors may have caused the initial distance to be larger than the initial distance measured by 2D echo, resulting in smaller RS values calculated by sonomicrometry than by 2D echo.
Limitations
The present study used the open-chest sheep model in which transmural strain gradient could have been affected by the open pericardium. 7 Additionally, the ultrasound probe was attached directly to an ultrasonic spacer lying on the anterior and lateral walls. Thus, the subepicardial echo was generated from the ultrasound reflected from the border between the spacer and the epicardial surface. In transthoracic echo, the pericardium and a small amount of pericardial effusion surround the cardiac surface. Therefore, the quality of the echo signals from the subepicardial border of the experimental animals may be superior to that of transthoracic echo. Despite this, the 2D echo strain data generated from tracking the subepicardial surface, CS outer , RS outer , and RS total , were inferior in reproducibility and agreement with reference data by sonomicrometry. Therefore, the use of these parameters has yet to be confirmed in the clinical situation.
In the present study, strain measurement was evaluated in the anterior wall, where ultrasonic beam direction is perpendicular to the myocardial wall border. Thus, the present study did not show whether the results can extrapolated to the lateral or Figure 5 Average (+standard error) peak strain derived from two-dimensional speckle tracking imaging (left panels) and that from sonomicrometry (right panels) at baseline and during ischaemia. Transmural strain gradients were observed in both radial and circumferential strain at baseline. These strain gradients disappeared during coronary ligation.
septal wall of the left ventricle, where the ultrasonic beam travels parallel to the myocardium.
Clinical implications
There is a potential for use of strain gradient in the clinical situation. In the normal myocardium, contraction is greater in the subendocardial layer. Once coronary circulation is impaired, ischaemia occurs first in the subendocardium and then propagates as a wave front across the myocardium to the subepicardial layer. 24 Therefore, the assessment of subendocardial contraction impairment and diminished strain gradient would appear to be useful in the early detection of the presence of coronary artery disease. 4, 8 Chemotherapy-induced cardiomyopathy also predominantly affects the subendocardium and the transmural strain gradient, 25 and myocardial dystrophy predominantly affects the posterior subepicardial layer. 26 Thus, the distribution of transmural strain may reflect the disease aetiology, and its assessment may provide differential pathophysiological information non-invasively at the bedside.
Conclusions
The present study shows that the 2D speckle tracking echocardiography-derived measurements of subendocardial, mid-wall, and subepicardial circumferential myocardial strain are as reliable as those provided by the reference method of sonomicrometry. Myocardial strain gradient revealed by echo speckle tracking may non-invasively provide new physiological insight into myocardial function.
